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THFFEE TR T2 R T, B 32 Y B0 7 vk 4% A 10 Bk Ao
B B E E RE AR AR Y FE I, dn ok EE R f kA
L A LR, FRATT A S ¥ R0 /A 5 2k 7 S T
# CL-20/HMX St iy, I O & BAT ) i | 5 A 22 2 1)
RRETTI SRT % G U IR /AR Y R R A AE 00 R
JEE A JEE DL R T2 O e R v ol A R JRE i DA o] PR
F1% I I L DR X LG R A B A A 0 3 — PR 2 S I
S O B TR AR - (1) 3 0 5 T 93 ) 435 i, A LA AR A5 2
0 36 s (2) B il I RE AR 20 A 805 5 (3) S 50 9 31 B R
B2 T i Mok SE BB AT A AL G2 B R AR
REHRGIAT B E S AR

(CSTBERAT T E & NC R R iIVE | s Eo T o SN oS
o e AT LS B R A R B s ROR A, PRI A
JBERR) 249 20 P N e 8 4 e R R e A R A R i A
VAR /AR AR 1 B TR T 2T M 9 2 AR £, L
il # e o TIELRAL 7 R, ABE SR AR T
R /A 5 3k 14 0 S 2 it B AR OR i 4 CL-20/HMX 3
fi, JERT AL A5 B BE RIS R R AT SR AL 23 T

2 SLIGER 4

2.1 KF SN

CL-20(e §H ) A1 HMX (B fi 28 JEURE A 1 40 45 &
¥R, H rp [ AR B Y B Ak 2% B ORHUE 5T T (CAEP)
AL I (DMSO, AR 90) , L #R B I 1k 27 1 7
J7 Ak, L = i
2.2 LIgFE
221 XWERE

SIS ) R B AN E 1 TR o % SE IR Al AR
1.5 mm 1Y+ F RGO I, OB AE BN T . P
1) I L E (R ) R 50 O 2Lk ) B AGE 38 v []
JKF- 3 T8 (£068) i CL-20 Al HMX B DMSO % i fis A
W O BV TR O I 3 5K AN TR I

Pump

! Cross-type reactor

Pump I
RS R 25
ultrapure water | ﬁ ‘

CL-20/HMX cocrystal

The explosives solution

B Semissn Al
Fig.1 Schematic diagram of experimental equipment
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1Y DMSO 75 W FIUER 407K 3 51 58 A [R] B8 e 38 b
A6 A ) €638 T v Sl U R RIKE 24 VA A L H R
R A I BB MR A K LK 9 em.,
2.2.2 CL-20HMX # B a9#l &

fE 25 °C Fl B 75 i 09 5 0 F LK 1.095 g i1y
CL-20F10.37 g 9 HMX(FE /R LL R 2: 1) ¥ R AE 20 mL
DMSO H KLJE i ¥ 51 Wi o AR e, 38 i i 2 3R D
T omLemin™ (49 38 5 A b5 R0 T8 /Y 420 KO i@
EIEE AR A KWL T mLemin ' MR SN R
WA T B8 5 A . DMSO ¥ Tk FN#E 4l K 76 238 T
Qb e R A, T AR R VR R e A ) K P 3 A AR
. AR T 20 ming K TR A B RGTNE,
FHAR 4B K Ve G724 3~5 W AR L7 o BeJm, B dh
IRt S e N AN | NS RN i .
2.3 HEHRIE

K #E [E Carl Zeiss 24w ) Ultra-55 %! FE-SEM X
il £ 1 CL-20/HMX 3 R 5 EAT I 50 20 B, A L
WE R 7 kV; R A 2% Panalytical 24w 1) X'pert pro
R XS 2 AT S AR AR S 0 W A i2E AT 4 B, CukK,
(A=1.540598 A) , ik f1 JE 40 kV, HLHi 40 mA, F1H
6 Fl 3°~80°, J T Bolton £ 4t i 4 B 45 14
(CCDC 875458) , X FH Materials Studio 4.0 #' A9
Reflex 15 He , B 48L CL-20/HMX 2k Fb i 45 A A7 5 7 3%
K M 3¢ [ 40 42 382 /R #R 2 6] Spectrum One Autoima #Y
L I 2T NI AL E AT 21 48 638 R AF , KBr JE A, 414k
B R 4E 3 1 Sl 400~4000 em™ 5 3R 35 H & B B4
Al in Via WOt 2 6 s AU 1T P2 ot 1% R AR, 6 H Ar
WOGLES (A=514.5 nm) AL AR FOEES (A=785 nm) i
i IS HERE 1 em ™
2.4 gEd
2.4.1 kg

K JH 7 [ Tirf B STA449F5 R[] 45 $20 H1 4%, 76 N,
SHT  LUEAREE 2 LW, 16 30~350 °CHEE N, 43 5]
PL5,10,15 Kemin™ (% Fh il 38 %, XA 5 (0.4~0.7 mg)
YEAT 22 7R FHH B M (DSC) M E M1 (TG) .
242 BE

M5 GJB 5891.22-2006 J5 % , % ]l BFH-PEx %l
A2 R % el A o R R D S (R T A < 2 k) N 4R
d O RS (3021) mg, B ARSI 30K . R
i GJB 5891.24-2006 J7 % , K I FSKM 10L 4% i 82 Jak

JE 0 3 ASC N R R R BE L A i (20+1) mg, TR FE A
ML 30 9% .
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3.1 S

JEOBEFD CL-20/HMX 2 & FE i 19 SEM [ T 1] 2 i
N DI 2 WA S A TR SRS R R R B R [
CL-20 J5L B} & 14 ok 95 5] JE | K7 42 7€ 30~300 pm Z [H]
(El 2a) . HMX RN R BURLIR & 44, B2 A2 7E 30~80 pm
Z I 2b) , 1 CL-20/HMX 3t i 32 88 H 45 0k 10 72 51
(W 2c~2d) . ME 2c~2d Af LLF H, CL-20/HMX 3
w1 TE B3 43 S AR B R L  4r  Rk (R ol 200~
600 nm) . K T HF— 5 WS A AR 25 &b (0 T8 SRR AE
¥ T ¢ 152 P38 4 ik K A5 2 L d L, i] ke B IR A (B
4 20~30 wm) LB b2l JE B8 200~600 nm [
F PR A 2 R T K . CL-20/HMX 3 5 e 5256 | iy &%
M IESUE R BRI Ah  Zhang S0 3R T &
AE B 10, [W] R T T CL-20/HMX 3t 5 i HR B 351
Al L, CL-20/HMX 3t 4 78 45 5 o 72 b 5 T8 B ROk
1A, 3% AT RE 5 CL-20 F1 HMX 431~ [ &0 B 4 588 28 17 1)
DL s MESR O O 06 o BT A 5% U RN 2 A AR AE
THCE T 58 B, 32 BR 45 SRR T 0T R R A AR (8K
AAK)BYIE L RIS Sy 1 AT e T e 8 v R A
A E— 2 F A % R AR SRR Y R

a. Raw CL-20 b. Raw HMX

c. CL-20/HMX co-crystal d.
B2 JFURHHISE A SEM A

Fig.2 SEM images of raw materials and co-crystal

CL-20/HMX co-crystal

3.2 XRD &k

K3 4o T R CL-20 At HMX L R BT il 4% Y
CL-20/HMX 3t 544 5 19 XRD B35 , DA K 3 T CL-20/
HMX 3k 5 8 5 45 4 (CCDC: 875458) B4 i XRD [&l
. A 3R LUE Y, BB CL-20 79 26 -y 12.639°,
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13.862°,15.838°, 25.880° #1 30.323°, 5 45 #f & 1%
PDF # 00-050-2045""'"— 8, % B J5URL CL-20 1 % i 4
EPNRBERNemA . JFE HMX I 20 7y 14.561°,
15.899°,20.418°,29.517° 1 31.761°, 55 bx i & 1%
PDF # 00-045-1539""'— %, F W] R HMX A & T H
JEF ke @iy B, CL-20/HMX 3t FhBE S 1 20
10.831°,13.195°,16.282°,26.070°F1 29.681°4b Hi #i
T ¥, 5 Bolton %" Hz 38 1Y B 1§ (10.9°, 13.2°,
16.3°,26.1°H1 29.7°) AL ¥ W) 45 , I8 i CL-20 F1 HMX
B R AE W T 2 o Ik Ah L CL-20/HMX 3t 84 FE 5 9 XRD
Pl 3 5 5 T 0 A5 R A AL R R RS A — B, i —
HESE T CL-20/HMX 3 & (B8 B, [] Bsf e, 358 1 o i 45
sl Ry 408 B v ) A

—Raw CL-20

—Raw HMX

~—CL-20/HMX co-crystal

—Theoretical simulation XRD pattern based on
CL-20/HMX co-crystal single crystal structure

intensity / a.u.

LJMLW

10 20 30 40 50
201 (°)

B3 sk I XRD i

Fig.3 XRD patterns of the raw materials and co-crystal

3.3 RSO

i & Raman Al FT-IR X J5 kL CL-20 1 HMX LA K&
CL-20/HMX 3 5 #4745 44 23, 245 R W& 4 fros .
CL-20/HMX 3 &y (1 I 311 6 335 56 7% o 5 A B8 20 43 3
MY AR T 4 ) A B AR P 0 AEAE 38 78 W Fl
5% A 25, Fln A 4a i) Raman J6iE , J7R CL-20
H— NO, [ X Fr A 45 4 2 1 75 1310.34 cm™, 11 7
CL-20/HMX 3 &t 21 %% 5] 1259.98 cm™ . HMX 7
— CH, 14 X5 B i 455 I 2h X 1 T P A W e 0, 43 1l 7
2995.08 cm ™' 1 2878.34 cm ™ &b, {H & 7E CL-20/HMX
I dh R B B — AN T 2878.38 em™ b 11 I i
W, X eEARfE AT BEJE T CL-20 0 FH I —NO, 5
HMX 4> F i —CH,— Z BB T C—H---O .
Bolton %' il Zhang %&"* ¥ 48 |, 5 4l i HMX
CL-20 &b i AH L, 76 2 & 45 0 v 08 %€ 1) 1Y) S8 A B AR
JHHG 3 . FT-IR G B R 7K 4b AT LLE i, CL-20
T —NO, B A X FR A 45 3% 2 Fl HMX T C-H /25 if 4k
4y % M 1607.65~1567.95 cm™ Hl 1462.83~
1347.97 cm™ 4L #% 3 %] 1606.65~1526.32 cm™ il
4t
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1456.06~1335.42 cm™, [A] ¥ % B CL-20 43 + 1 4
—NO, FI HMX 73 FH i —CH,— B 1l 1 &4 .

A, A 4b a] 1, J5URCL-20 7E 3100~3000 cm™
A — AL, LR U R TR S g T AR R R R X R
£-CL-20 [ 7 AF W g 2070 . 4R i CL-20/HMX 3
T8 1 I Be AW %€ 3] — /> Bl | nl ) ot 5 rp CL-20 43
TR R RE T B H T B-Fly-CL-20 78 1 i Be
HA — A FRAE Wi 0 2o B e 3 o CL-20 43 F 1Y
4] BE 5 B-F1/ak y-CL-20 A0 [ . 3% 5 CL-20/HMX
e 0% B 25 R A A 4 SR M — B, B b CL-20 43
THAEB-F y- PRI 4, — 5 4 1 50%7 5

Raw CL-20
.

"JUL\. . J-w Co-crystal
Www

500 1000 1500 2000
Raman shift / cm’

a. Raman

Raw HMX

J\,Ml\fim'— M P J\xqﬂr\,\,ﬁ
iy

Raw CL-20

3500 3000 2500 2000 1500 1000 500
wavenumbers / cm’

b. FT-IR

B4 0B K AR Y Raman T FT-IR &%
Fig.4 Raman and FT-IR spectra of raw materials and co-crystal
3.4 S

JEopE At A Y PR A W AE 10 Kemin™ JH i 3R
TR DSCHITG &k &l 5 iR, L E R 5 T8 1,
XFJECRE CL-20, {1 T 230 °C TG £k b 3% A7 M2 5 Jii
WG HAEDSCHIZ F25167.1 ChEHE — A/
W AU X N ey B5 fhilE . 230 “CLLJG CL-20 [ #44)
il S0, 53 ik DA Ay T SHC AR B AR W AR K A il I TR
250.2 °C. TG i £ R B, H & 451 2Ky 80.84%.
HMX JFURHE 198.6 SCAb 1 W #4068 Xof i B—8 1) 5% e
15 281.4 CREA — 55 65 s R X 7 f W PR e | ke R 0 UL

CHINESE JOURNAL OF ENERGETIC MATERIALS

£ T 284.7 °C, DSC HI TG i £k % W] HMX Jy— 45 ik
P H R R A N 87.07%. 5 JFE R CL-20 F1 HMX ]
L, CL-20/HMX 3t 5 1Y B8 o3 i 47 O A7 B i 22 5%, 5
WA TR A5 D 2, AN 5 1) — A AR 55 I B8 1) Tl B e, il
R 243.4 °C, 1 SRR A 8 7Y T30 oK 2 b A 0 I
e D MECR CL-20(250.2 °C) M L, 1042
Al T 6.8 °C, 0 % J& K HMX (284.7 C) & a1 T
41.3 °C. CL-20/HMX 3 i 1 43 fiff il A Al 5 78 1 IR
BE U 2 N (242.7~246.0 °C) 58 W, & 1K T 5 B
CL-20(230~254.6 °C) \HMX(281.0~290.7 °C) A I
YR A1 (231~256 °C, 5 — A3k ig ) , vl B 68 &
BRI R AR B, R TG M4 | i — 45 2k T o
BIRE S 2 , IX 5 XRD e M 5 S — 2. [l A, 3640
Y CERAT S 3 X T R EZ R G . TR
Yy BOR A W rhon] B S 5% B A A oy U
243.2 CXfNE CL-20 14 43 fiff i 0, 283.8 °C I X )i
HMX 19 73 fif il #Aie

,exo 2502 &
. 234\
g  |RawCL-20
% \1671 ‘k 247w
Z  |Cocrystal A
= 32
3 |RawHMX N |
Physical mixture b
100 150 200 250 300 350
temperature / °C
a. DSC curves
100
— Raw CL-20
— Raw HMX
——Co-crystal
. — Physical mixture
S
> 90F
@
S
0 1 1
100 200
temperature / °C

b. TG curves

5 JRURE 3t R BLEA P DSC N TG Hh £
Fig.5 DSC and TG curves of raw materials, co-crystal and

physical mixture

i 2 73 A7 R] — B dh AN TR THELE R Y DSC £k
M3l T2 ) A B R — 2D F 5 HARPERE o SR Kiissinger
J7 () A E R CL-20 . HMX AT CL-20/
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HMX 3 5 19 205 AL , 45 R 51 T3k 2.

R JEURE LA KB G W RO i S
Table 1 The kinetic parameters of thermal decomposition of
raw CL-20, raw HMX, CL-20/HMX co-crystal and physical

mixture

sample T,/ °C T./C T,/°C
raw CL-20 167.1 = 250.2
raw HMX 198.6 281.4 284.7
CL-20/HMX co-crystal - - 243.4
physical mixture 165.9 189.7 281.0 243.2, 283.8

Note: Tp is phase transition temperature; T, is melting point temperature; T, is

decomposition peak temperature.

F 2 JEURRANL A FE fL g
Table 2

materials and co-crystal

The apparent activation energy values of the raw

explosive B/K-min~"  T,/°C E/k)-mol™" R?
5 2421
raw CL-20 10 250.2 175.04 0.9988
15 255.7
5 281.2
raw HMX 10 284.7  481.45 0.9992
15 287.0
5 240.5
CL-20/HMX co-crystal 10 243.4  470.75 0.9978
15 245.5

Note: B is heating rate, T, is decomposition peak temperature, E, is apparent

AR

activation energy, and R? is judgment coefficient.
E

In(ﬁ)= - s + In
T} RT, ]
Hop AR T, s Ry HUAR SR H L,
8.314 J-mol™ - K™ ;8 A FHEH R, K-min™'; T, N 4 i 1
MK E, R R AL RE k) -mol™ . & 21 L, CL-20/
HMX 3t 5 /9 R W00 3% 1k B8 7 470.75 k)-mol™, it T
CL-20(175.04 kJ-mol™) Fl HMX(481.45 kJ-mol™) Z
] . H AR CL-20/HMX 3 & 19 2 UL TS T BE A 58 427

(1)

{2 Ghosh %" JF J& 1 31X Jy w9 T /E . [6 #F ok H
Kissinger J7 i , H X} J5i 8} CL-20(144.85 kJ-mol™) Fl
HMX (434.42 kJ-mol™) i 32 WL i fk e 1 556 5 A #F
5825 SR/ AR 3G Y 35 AL B A (273.55 kJ-mol™) I
/N T A BFSE I 470.75 k)-mol™' . i — 25 6 B 75 #4
IR BT AL FAR AR BRI CL-20/HMX 354§,
HARR R T B B
3.5 BESW

T 1 0 45 SR L 3R 3. 5 JRBE CL-20 il HMX
A EE, CL-20/HMX 3 5 1 48 o 2y 18 ), B0 st B}
CL-20(10 ) M HMX(14.4 D4y 55 T 8 ) F13.6 J,
T JEE 82 JR 52 DU A 7 P L 22 ] . CL-20/HMX 3 iy
TR AR 1 D R, — 7 T 5 S A CL-20 AT HMX 43
(i) 2B L Pt R M B S ROUE 485 4 A G, D) — T T
2 BN G5 GOE A ORLAR R R R G SR R S .
Bl 2 ] A, BT 45 I CL-20/HMX 32 5 & & kL 42 78
200~600 nm 1 44 K Fr K AL HE AR A 4K, 9 ok &
T W T i B 33X 4 TR 38 3 R T e A LR

LA W58 & T CL-20/HMX e 5 it J8 R 0 38 5
RER Z . T X HA — AT WA R, & 415
Tz R A O RLAR TR A R R K 2
5, Bolton & HEAT T — AR R B F 20 ¥k 11
/N (0.5 mg) V& Fl i o ERORE I Ak, &5 AR & 1 CL-20/
HMX 3 & i i o5 O 5 B-HMX A 24 . Glosh %5 /()
5% R B, CL-20/HMX 3 i iy 48 5 J8% B2 422 3 B-HMX,
17 JBE 488 5% B ) 5 T B-HMX Fl £-CL-20. b i1 7 il 5 1Y
W EW ER SRR JREA N30 um, 5
Bolton % A4 iy It i B S AR ALY . Zhang 55110 %
FHZ ) A1 45 19 CL-20/HMX 3L 5 R A2 29 20 wm
M HORIURE . BAM 7 03 25 31t /s, o g o s A
T B-HMX Fil £-CL-20 Z i) o i B A5 A B & 19 01 An
SEUUR Wt 55 MR T A 1) CL-20/HMX JE i B Bk
R o R R R A R B I T B-HMX i L B 4y
BRI, ST v 4 T e R B BOHE AR R AR L AR R
FRL AR T A0 RN 2% 1 o A b R RC AR T /N HL R TH D

F3  CL-20JEE  HMX JEERI CL-20/HMX e fif (14 188 o 8 37 7 28 422 Jak Jir

Table 3 Impact and friction sensitivities of raw CL-20, raw HMX and CL-20/HMX co-crystal
sensitivities
explosive particle size morphology
impact /) friction / N
raw CL-20 30—300 pm spindle 10 80
raw HMX 30-80 pm particle 14.4 144
20-30 wm (diameter of flower clusters) ;
CL-20/HMX cocrystal . flower clusters and platelets 18 96
200-600 nm (thickness of platekets)
Chinese Journal of Energetic Materials, Vo0l.29, No.1, 2021 (62-69) A A AL www.energetic-materials.org.cn
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T T W I AR B A, D A A il R 4 IR B B R
Mo BEAh R A AR it AR 3K O K 2 ol 4 R A

T4 CL-20/HMX 3 &b 1 il £ 7 s B gk B i 45 SR %ot He

WETR B AR . I, CL-20/HMX 3 5 A0 J% 28 1 RE DEAG

Table 4 Comparison of preparation methods and sensitivity test results of CL-20/HMX co-crystal

preparation methods particle size morphology impact sensitivity friction sensitivity ref.
slow solvent evaporation/sol-

) ) comparable to
vent-mediated co-crystalliza- - platelet - [9]
. B-HMX
tion method
ultrasonic spray-assisted .

) ) 50 nm spheroid - - [10]
electrostatic adsorption method

- higher than
bead milling - close to e-CL-20  [12]
e-CL-20

. microspheres (composed lower than

spray drying method 0.5=5 um lower than B-HMX [13]
of <100 nm platelet) B-HMX
combination of evaporation ]
o . ) higher than
crystallization and solvent/ thickness of about 30 pm diamond shaped platelet  close to B-HMX CL20 [14]
£-CL-
non-solvent crystallization
ultra highly efficient mixing . between B-HMX
<1 pum block particles lower than B-HMX [15]
method and &-CL-20
. between B-HMX

solvothermal 20 pm block particles - [16]

20-30 pwm (diameter of Flower

microchannel crystallization .
clusters); 200-600 nm (thickness

flower clusters and

and ¢-CL-20

between B-HMX  this
lower than B-HMX

technology of platekets) platelets and ¢-CL-20 work
HMX (481.45 kJ-mol™) Z [ , [t CL-20 £ @& T
4 #it

(1) SR T 7 3 700 /A 5 590 3k 9 ol e 3 45 W B R

il £% W AR SR AN G K R 1 CL-20/HMX 3t 5y 28 7 11
B AEH 20~30 pm, HJEJE K 200~600 nm 1 Fr 4R i

TR AR AR

(2)XRD MK 45 K 3R W, B il £ 19 CL-20/HMX 3t
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Preparation of CL-20/HMX Co-crystal by Microchannel Crystallization Based on Solvent/non-solvent Method

LI Li, YIN Ting, WU Bo, DUAN Xiao-hui, PEI Chong-hua
(State Key Laboratory of Environment-friendly Energy Materials , Southwest University of Science and Technology, Mianyang 621010, China)

Abstract: In order to develop a scale-up and continuous preparation method, the microchannel crystallization technology based
on solvent/non-solvent method has been used to prepare hexanitrohexaazaisowurtzitane/octogen (CL-20/HMX) co-crystal. The
field emission scanning electron microanalyzer (FE-SEM), X-ray powder diffraction (XRD), Raman spectroscopy, Fourier infra-
red spectroscopy (FT-IR), thermal analysis and sensitivity test were applied to characterize and analyze the morphology, struc-
ture, thermal performance and sensitivity of samples. Results show that this method has successfully prepared CL-20/HMX
co-crystal. Its apparent morphology is the flower clusters with a diameter of 20-30 wm, assembled by platelet crystals with thick-
ness of 200-600 nm, accompanying individual flaky crystals (thickness of 200-600 nm). The CL-20/HMX co-crystal prepared
by microchannal crystallization has only one sharp exothermic decomposition peak during the exothermic process. Its exother-
mic peak temperature is at 243.4 °C, which is lower than that of the raw materials CL-20 (250.2 °C) and HMX (284.7 °C). Its
temperature range of thermal decomposition is only from 242.7 to 246.0 °C, much narrower than those of raw CL-20 (230.0—
254.6 °C ) and HMX (281.0-290.7 °C ) , which means a higher energy release efficiency. Its apparent active energy is
470.75 kJ-mol™, falling between CL-20 (175.04 kJ-mol™) and HMX (481.45 kJ-mol™), which is 297.29 kJ-mol™ hagher than
that of raw CL-20, indicating a good thermal stability. Its impact sensitivity is 18 J, which is 8 J and 3.6 J higher than those of raw
CL-20 (10 )) and HMX (14.4)) respectively, and the friction sensitivity is 20% lower than that of raw CL-20. The sensitivity re-
sults show the safety of the CL-20/HMX co-crystal has been improved compared with the raw materials.

Key words: CL-20/HMX co-crystal; solvent/non-solvent method; microchannel crystallization technology; thermal performance;
sensitivity
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